1. Introduction {#sec0005}
===============

Hepatocellular carcinoma (HCC) is one of the most common malignancies and the second leading cause of cancer mortality worldwide [@bib0005]. Successful surgical resection helps improve the overall survival; however, the long-term prognosis is dismal due to the high frequency of recurrence (50--60%) in the remnant liver [@bib0010]. Furthermore, only 10--15% of patients are suitable for surgical resection at diagnosis and there are very limited therapeutic options for unresectable HCC [@bib0015]. In advanced stage disease, the multi-targeted kinase inhibitor, sorafenib offers an overall survival benefit of 2.8 months (without significant difference in the median time to symptomatic progression) [@bib0020]. It is noteworthy that no beneficial effect of this drug on survival has yet been observed in the adjuvant setting \[[@bib0025], [@bib0030]\]. Therefore, there is a need to develop novel and effective therapeutic approaches to prevent disease reoccurrence and improve clinical outcome of individuals with established disease.

Aspartate β-hydroxylase (ASPH) is a highly conserved type II transmembrane protein, composed of 758 amino acids with a molecular weight of ∼86-kDa, that belongs to the α-ketoglutarate-dependent dioxygenase family [@bib0035]. The ASPH was originally described as being overexpressed in HCC and cholangiocarcinoma (CCC) [@bib0040]. Interestingly, ASPH has been detected in 85--90% of human HCC tumors, but not in dysplastic nodules and normal liver [@bib0045]. In general, ASPH expression is very low or negligible in normal adult tissues except the placenta [@bib0040]. Moreover, ASPH is expressed on the surface of tumor cells where both N-terminal sequences and the catalytic site located in the C-terminal region have been shown to be accessible antigens to the immune system. ASPH contains numerous immunogenic peptides (epitopes) that are presented to major histocompatibility (MHC) class I and II molecules, which will subsequently induce ASPH epitope-specific CD4+ and CD8+ T cell responses in both human and animal models of HCC [@bib0050].

Bacteriophage display can achieve favorable peptide presentation to the immune system [@bib0055]. Bacteriophage lambda (λ) has been shown to stably display fusion proteins on its capsid protein, with copious copies of these antigenic peptides represented that may be 2--3 orders of magnitude higher than other phage display vectors [@bib0060]. In this study, we targeted an ASPH expressing murine HCC cell line and confirmed findings with another murine tumor induced by 4T1 ASPH expressing cells in an attempt to develop an immunotherapeutic approach for HCC as shown in [Fig. 1](#fig0005){ref-type="fig"}.Fig. 1Experimental overview. Mice were immunized by injecting 1 × 10^10^ pfu of Phage particles. Prophylactic immunizations were injected 3 times on Day − 14, Day − 7 and Day 0. Booster immunizations were continuously injected every 7--10 days after tumor inoculation (5 × 10^6^ BNL cells). Six to eight weeks after tumor inoculation, mice were euthanized. After re-stimulation of splenocytes with recombinant ASPH protein (rASPH) and λ3 phage, cytotoxicity assays and flow cytometric analysis were performed, and tumor samples were collected for immunohistochemistry and demonstration of T cell infiltration.Fig. 1

2. Results {#sec0010}
==========

2.1. Construction of λ phage nanoparticles expressing human ASPH derived proteins {#sec0015}
---------------------------------------------------------------------------------

The ASPH is highly homologous between the human and murine orthologs. For example, overall 84.4% of the amino acids are conserved when comparing human to murine ASPH sequence; this similarity is particularly prominent in the C-terminal region of the λ3 vaccine construct where they are 99.5% identical ([Fig. 2](#fig0010){ref-type="fig"}A). In addition, human leukocyte (HLA) class I and II peptides are highly represented in this region of the ASPH molecule [@bib0050]. It was also confirmed by immunohistochemistry (IHC) that the ASPH protein was highly expressed in the murine BNL HCC cell line as shown in [Fig. 2](#fig0010){ref-type="fig"}B.Fig. 2Characteristics of λ phage particles expressing human ASPH protein. (A) The map of the human ASPH sequence containing 758 amino acids (NCBI accession No. [NP_004309](ncbi-p:NP_004309){#intr0005}) compared to the structural map of the murine ASPH sequence containing 725 amino acids (NCBI accession No. [NP_001171320](ncbi-p:NP_001171320){#intr0010}). The yellow highlighted sequences represent the homology between mice and humans. The red sequences shows the murine verses human sequences in the λ3 vaccine construct. (B) Representative example of high level ASPH expression in murine BNL derived HCC tumor by IHC using a rabbit polyclonal antibody prepared against human recombinant ASPH protein [@bib0090]. The control was rabbit IgG employed as a primary antibody (1000×). (C) Homologous recombination of donor plasmid pVCDcDL3 with recipient phage vector λ-DL1. Only part of the lambda genes are shown. The unique Nhe I and BssH II sites were used to clone ASPH segments into the pVCDcDL1A plasmid. Generated recombinant phages were designated as ASPH construct λ3 which contained the inserted ASPH fragments. The inserts were fused with the GpD capsid protein gene of the λ phage to produce GpD-ASPH fusion construct located on the λ head. Only the diagram of the λ1 construct is shown here. The maps are not drawn to scale.Fig. 2

In this context of high homology between murine and human ASPH, we designed, developed and produced λ phage vaccine contructs displaying ASPH protein fragments on their surfaces for subsequent immunization. The λ phage has a number of gpD head proteins on its surface. A segment of the human ASPH protein fused to gpD is employed. The λ phage particles expressing human ASPH peptides were designated as λ1 and λ3 as they include sequences derived from the N-terminal region (1/3 of the protein sequence) and from the extracellular C-terminal third of human ASPH protein, respectively. The target antigens were inserted into a donor plasmid vector, and Escherichia coli (*E. coli)* were transfected and subsequently infected with the recipient λ phages. Recombination occurred *in vivo* and the target antigen was displayed and fused to the phage gpD protein as shown in [Fig. 2](#fig0010){ref-type="fig"}C. The bacteriophage vaccine constructs were isolated and purified using tangential flow filtration, PEG precipitation and dialysis. The bacteriophage vaccines were rendered noninfectious by ultraviolet irradiation.

It has been previously demonstrated that human ASPH loaded dendritic cells (DCs) induced epitope-specific T cell responses in patients with HCC [@bib0050]. Fifteen MHC class-II restricted peptides had been predicted using an immunoinformatics analysis. [@bib0065] Two peptides were found to reside in the N-terminal domain (λ1), and 6 were located in the C-terminal region of ASPH in the λ3 construct. Similarly, 30 MHC class-I restricted ASPH epitopes were predicted as well [@bib0050]. We focused the vaccine studies using both the λ1 and λ3 phage constructs where empty phage and saline injections served as negative controls.

2.2. Effect of λ phage immunization on HCC growth in vivo {#sec0020}
---------------------------------------------------------

Alterations of tumor growth and progression were observed using 3 prophylactic immunizations with λ1 and λ3 phage constructs, and subsequent subcutaneous implantation of BNL tumor cells, which was then followed by booster immunization administered every 7--10 days. With respect to reduction in tumor growth rate and progression, there were significant differences between the control (empty) phage and λ1 immunized animals ([Fig. 3](#fig0015){ref-type="fig"}**)**. Similar differences (p \< 0.001) were observed with λ3 vaccinated animals as well ([Fig. 4](#fig0020){ref-type="fig"}). An *in vitro* cytotoxity assay was performed using splenocytes derived from immunized mice with λ3 phage to demonstrate generation of ASPH-specific cytotoxity using ASPH expressing BNL HCC cells as the target as shown in [Fig. 4](#fig0020){ref-type="fig"}. There were significant differences in target cell lysis between the control splenocytes and those derived from the λ3 immunized mice ([Fig. 4](#fig0020){ref-type="fig"}B). Thus, immunization with both λ1 and λ3 phage before inoculation of BNL cells followed by a boost every 7--10 days efficiently inhibited tumor growth and prolonged overall survival compared to controls ([Fig. 4](#fig0020){ref-type="fig"}A and C).Fig. 3Anti-tumor effect of vaccination with the ASPH-λ1 construct compared to the control parental phage on the growth of murine BNL HCC cells in Balb/c mice (N = 5). There was significant reduction in sub-cutaneous tumor growth following vaccination with the ASPH-λ1 phage construct compared to the parental phage lacking the ASPH sequences. (A) represents the group geometric mean tumor volume followed over 70 days of observation. (B) anti-tumor effects of the λ1 vaccine construct on group mean tumor volume at day 67 (p \< 0.041).Fig. 3Fig. 4Antitumor effects generated by immunization with phage particles expressing human ASPH peptides. (A) Growth rate of HCC tumors in animals receiving 3 prophylactic immunizations with λ3 phage followed by booster immunizations every 7--10 days. Mean volume of BNL derived HCC tumors are shown (n = 10). This experiment was repeated 3 times with similar results. (B) Results of *in vitro* cytotoxicity assays against BNL, a syngeneic murine HCC cell line used as the target. Splenocytes were derived from mice immunized 5-times with the λ3 phage. Mean target cell lyses values were calculated from triplicate cultures; 3 independent experiments were performed with similar observations. (C) Kaplan-Meier survival curves of the same animals shown in (c) (n = 10). Results were presented as the mean ± SEM. \*\**P* \< 0.01, \*\*\*\**P* \< 0.001.Fig. 4

2.3. Generation of cellular immune responses to ASPH {#sec0025}
----------------------------------------------------

Splenocytes derived from λ3 phage-immunized mice were re-stimulated with recombinant ASPH protein (rASPH) and λ3 phage particles, which promoted the activation of CD4+ cells to co-express CD154 and secrete IFNγ ([Fig. 5](#fig0025){ref-type="fig"}A). In addition, CD8+ cells were found to co-expressed CD137, and secreted IFNγ as well ([Fig. 5](#fig0025){ref-type="fig"}B). To further evaluate the characteristics of cellular immune response to ASPH, we measured secretion of IL-2, IL-4, IL-6, IL-10, IFN-γ and TNF-α by splenocytes derived from immunized mice by ELISA. As shown in [Fig. 6](#fig0030){ref-type="fig"}, the levels of Th1 (IFN-γ and TNF-α) and Th2 (IL-4, IL-6 and IL-10) cytokine levels in the culture supernatants were higher than those found in the splenocytes derived from control mice. Interestingly, this λ3 phage vaccine construct elicited a mixed Th1 and Th2 immune response since the production of IL-2 was found to be significantly lower.Fig. 5Generation of antigen specific CD4+ and CD8+ T cells induced by immunization with λ3 phage particles. Specific activation of T cells was evaluated using splenocytes derived from the mice bearing BNL tumors following ASPH restimulation ([Fig. 1](#fig0005){ref-type="fig"}). Splenocytes were restimulated with 0.5 μg/ml rASPH and 2 × 10^8^ pfu/ml phage particles in combination for 4 days. (A) ASPH-specific activation of CD4+ T cells as measured by expression of CD154 and IFNγ (left panel). The percent of CD154 and IFNγ positive cells in this population are shown in the right panel. (B) ASPH specific activation of CD8+ T cells as shown by the expression of CD137 and IFNγ (left panel). The percent of CD137 and IFNγ positive cells in this cell population are shown in the right panel. Bar graphs represent the means ± SEM. \*p \< 0.05, \*\*p \< 0.01.Fig. 5Fig. 6Immunization with λ3 phage particles induce Th1 and Th2- cytokines responses. (A) Protein levels of Th1-type cytokines IL-2 (left panel), IFN-γ (middle panel) and TNF-α (right panel) in cell culture supernatants were measured by ELISA in λ3 immunized mice (N = 10). (B) Levels of Th2-type cytokines IL-4 (left panel), IL-6 (middle panel) and IL-10 (right panel) in cell culture supernatants as determined by ELISA in λ3 immunized mice (N = 10). \*p \< 0.05, \*\*p \< 0.01, \*\*\*\*p \< 0.0001.Fig. 6

2.4. Immunization with λ3 phage vaccine constructs induced tumor-infiltrating lymphocytes {#sec0030}
-----------------------------------------------------------------------------------------

The gross appearance and H&E staining of BNL HCC xenograft tumors revealed striking differences when comparing the λ3 phage immunized mice to the controls. There were massive areas of necrosis and lymphocytic infiltration in tumors derived from λ3 vaccinated mice ([Fig. 7](#fig0035){ref-type="fig"}A). The ASPH expression remained detectable on residual tumor cells derived from λ3 immunized mice ([Fig. 7](#fig0035){ref-type="fig"}B; middle panel). Tumor-infiltrating CD3+ T cells were substantially increased in λ3 immunized mice ([Fig. 7](#fig0035){ref-type="fig"}B). The phenotypes of tumor-infiltrating lymphocytes using anti-CD8 and anti-CD45 antibodies were examined. (Figs. [7](#fig0035){ref-type="fig"} C and [8](#fig0040){ref-type="fig"} ). There was a significant increase in both CD8+ and CD45+ cells in tumors derived from λ3 immunized mice.Fig. 7Immunization with λ 3 phage containing human ASPH mediates tumor necrosis. (A) Histopathological features of excised tumors derived from the immunized mice and controls bearing BNL induced HCC tumors. Representative photographs of hematoxylin and eosin (H&E) staining (top: 100×, bottom: 400×) showing massive necrosis and mononuclear cell infiltration of BNL generated HCC tumors in the λ3 phage immunized mice compared to control. (B) Mononuclear tumor-infiltrating cells were numerous in vaccinated mice by H&E staining (top panel). Tumor cells from both control and immunized mice still expressed ASPH (middle panel). Infiltrating mononuclear cells were derived in part from CD3+ cells (yellow arrows; 400×). There were very few CD3+ cells in the tumors derived from controls. Tumor-infiltrating mononuclear cells were quantified and expressed as average number of CD3+ cells in 5 high-powered fields (bottom panel; 400×). (C) The number of CD8+ cells infiltrating the tumors of λ3 vaccinated mice (yellow arrows) are presented compared to controls. The CD8+ cells were quantitated in 10 high powered fields (1000×) and tumors derived from immunized mice were compared to controls. The spleen was used as the positive control for CD8+ cells. Bar graphs represented the mean ± SEM. \**P* \< 0.05. \*\**P* \< 0.01.Fig. 7Fig. 8Determination of CD45+ mononuclear cells infiltrating tumors derived from λ3 phage vaccinated mice. Numerous CD45+ mononuclear cells had infiltrated tumors derived from λ3 phage vaccinated animals (right panel) as compared to the control (left panel). There was a significant difference in the quantity of CD45+ cells between the two representative tumors (*\*\*p* \< 0.01). The bar graphs depicted the quantitative data obtained from multiple sections derived from three control and three λ3 phage vaccinated mice with respect to CD45+ cell infiltration into the tumor parenchyma. The total number of CD45+ cells were determined at 1000× from 10 high powered fields in each tumor section.Fig. 8

To further validate and extend these observations, we employed another syngeneic murine model of pulmonary metastasis [@bib0070] using 4T1 breast carcinoma cells injected into the 4th mammary gland. These cells also overexpress ASPH by IHC as shown in [Fig. 9](#fig0045){ref-type="fig"}A. Animals vaccinated with both λ1 and λ3 phage constructs demonstrated enhanced survival ([Fig. 9](#fig0045){ref-type="fig"}B). Indeed, all 8 mice immunized with λ3 construct survived over the observation period whereas 7 of 8 others immunized with control phage had to be sacrificed due to large primary tumor burden in the breast at the end of the study (p \< 0.001). More important, immunization with the λ1 phage construct strikingly reduced pulmonary metastasis compared to the empty phage control ([Fig. 9](#fig0045){ref-type="fig"}C).Fig. 9Demonstration of λ1 and λ3 phage vaccination anti-tumor effects on ASPH expressing murine 4T1 breast carcinomas. (A) Representative example of IHC staining of 4T1 induced breast tumor demonstrating high level ASPH expression in tumor cells using a polyclonal rabbit anti-ASPH primary antibody compared to the rabbit IgG antibody control (1000×). (B) Kaplan-Meier plots demonstrating anti-tumor effects of ASPH- λ1 and ASPH- λ3 vaccines on animal survival with ASPH expressing murine 4T1 breast carcinoma cells implanted into the mammary gland compared to empty phage vector control (N = 8). There was a significant difference (p = 0.001) between control phage immunized mice and mice vaccinated with ASPH- λ3 vaccine. Improvement in animal survival was also suggested following vaccination with the ASPH-λ1 vaccine construct compared to controlled phage but did not reach statistical significance (p = 0.59). There were 8 animals in each group. (C) Reduction in 4T1 murine breast carcinoma cell metastasis from the primary tumor site of growth in the mammary gland to the lung following vaccination with the ASPH-λ1 construct compared to the empty phage construct as a control (p \< 0.001). Mice (N = 8) in both groups were vaccinated s.q. on days 1, 8, 15 and 29 with 1 × 10^10^ pfu and challenged in the mammary gland on day 20 with 2 × 10^4^ 4T1 cells and sacrificed at day 41 and the lungs stained with Bouin's solution and counted for metastases.Fig. 9

3. Discussion {#sec0035}
=============

These studies suggest that immunization with two different λ phage constructs representing N and C-terminal sequences of ASPH have anti-tumor effects on the growth and progression of liver cancer generated by BNL HCC cells in a syngeneic murine tumor model. Results were confirmed *in vivo* by another ASPH expressing 4T1 breast cancer cell line that grows rapidly in the mammary gland and subsequently metastasizes to the lung; immunization with the phage vaccine constructs improved overall survival and reduced pulmonary metastasis. Phage vaccination also generated antigen specific CD4^+^ and CD8^+^ activity *in vitro* and led to tumor infiltration with effector T cells leading to widespread necrosis. These findings suggest that ASPH may be an attractive target for an immunotherapeutic vaccine approach.

It has been observed that ASPH catalyzes the hydroxylation of β carbons in aspartyl and asparaginyl residues found in many signaling molecules \[[@bib0035], [@bib0040], [@bib0075], [@bib0080]\]. Its enzymatic activity depends on the presence of ferric iron and α-ketoglutarate as well as substrates that contain epidermal growth factor (EGF) like repeats [@bib0075]. During oncogenesis, the protein translocates to the cell surface leading to N and C-terminal regions exposed to the extracellular environment and its functions could be modulated by the host immune responses. More important, the presence of antigenic epitopes that reside on these regions can efficiently stimulate T-cell responses specific to tumor cells harboring ASPH [@bib0050]. Previous studies have established that ASPH is a viable target for immunotherapy using a dendritic cell (DC) microparticle vaccine in syngeneic animal models of HCC and cholangiocarcinoma which has some similarities to the λ phage vaccine constructs presented here \[[@bib0085], [@bib0090]\]. The ASPH is highly conserved during mammalian evolution. It is expressed in the embryo during development, but at birth the gene is silenced only to be reactivated during transition of normal cells to the malignant phenotype \[[@bib0040], [@bib0045]\].

ASPH directly contributes to oncogenesis since its overexpression stimulates tumor cell proliferation, migration, and invasion \[[@bib0045], [@bib0065], [@bib0095]\] and it was of interest to find the phage vaccination substantially reduced pulmonary metastasis in the 4T1 breast cancer murine model. Expression of ASPH in normal tissues is generally low or negligible except for the placenta, a highly invasive tissue, where gene and protein expression approach the levels found in many human HCC tumors. In this regard, IHC staining for protein expression and RT-PCR for mRNA upregulation have revealed that approximately 85% of hepatitis C virus (HCV) and hepatitis B virus (HBV) related HCC, as well as 95% of cholangiocarcinomas exhibit upregulation of the ASPH gene \[[@bib0045], [@bib0085], [@bib0090], [@bib0100], [@bib0105], [@bib0110]\].

ASPH has been found to exert its biologic effects during oncogenesis by the following mechanisms: 1) promotes activation of the Notch signaling cascade; 2) inhibits apoptosis through caspase 3 cleavage; 3) enhances cell proliferation via phosphorylation of RB1; 4) delays cell senescence; and 5) generates cancer stem cells \[[@bib0105], [@bib0110], [@bib0115]\]. The transcriptional regulation of ASPH is controlled by well-known signaling cascades such as IN/IRS-1/Raf/Ras/MAP/Erk, IN/IRS-1/PI3 K/AKT and WNT/β-catenin signaling \[[@bib0100], [@bib0120]\]. In this context, ASPH becomes a key molecue that links upstream growth factor signaling pathways to Notch activation and subsequent downstream expression of Notch target genes to participate in hepatic oncogenesis. There are also post-translational modifications of ASPH in tumor cells by GSK3β via phosphorylation of the motifs located in the N-terminal region of the protein [@bib0125].

It is of interest that activation of IN/IGF1/IRS1 mediated pathways, as well as WNT/β-catenin and ASPH/Notch signaling cascades has been shown to be necessary and sufficient for promoting transformation of the normal liver to a malignant phenotype in a double transgenic murine model [@bib0130]. Therefore, inhibition of the expression and function of this putative tumor related target protein could have therapeutic implications. Immunotherapy is particularly attractive since ASPH: 1) is a transmembrane protein with high expression on tumor cell surface; 2) expresses at very low levels in normal human tissues; 3) has a defined role in promoting cell proliferation, migration, invasion, and metastasis; 4) high expression confers a poor prognosis characterized by early disease reoccurrence, reduced overall survival, and a highly undifferentiated aggressive phenotype \[[@bib0135], [@bib0140]\].

There has been increasing interest in bacteriophages as vectors for vaccine delivery \[[@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170], [@bib0175]\]. They have high stability and are resistant to enzyme cleavage, high temperatures and wide pH changes. Furthermore, phage vaccines appear non-pathogenic, do not replicate in eukaryotic cells, and lack antibiotic resistance genes. More important, the phage itself performs as a natural adjuvant and may promote enhanced uptake into DCs.

The murine ASPH expressing BNL cell line produces rapid growth when implanted subcutaneously into syngeneic BALB/c mice and inoculated animals may have to be euthanized as early as 4--5 weeks later due to advanced tumors as characterized by large size, and poorly differentiated status [@bib0090]. The level of ASPH expression in BNL induced tumors is robust as shown in [Fig. 2](#fig0010){ref-type="fig"}B. Using this tumor model system, we addressed the question if an immunotherapeutic approach using both a λ1 and λ3 phage ASPH peptide containing vaccine constructs would inhibit HCC growth and progression. We chose the immunization schedule in our study that might mimic a hypothetical clinical situation of proposed use by prophylactic vaccination before a surgical resection of HCC followed by booster doses in an attempt to prevent early disease recurrence and retard the growth and progression of established micro-metastatic disease. This hypothesis assumes that there may be a small number of residual tumor cells following surgery that could be effectively abolished or reduced by a λ phage generated immune response \[[@bib0180], [@bib0185], [@bib0190]\].

The λ phage vaccine was highly immunogenic and induced antigen specific CD4+ and CD8+ CTL actively in splenocytes derived from tumor bearing mice. Previous studies using this same syngeneic tumor animal model had demonstrated DCs loaded with ASPH *ex vivo* and used as a vaccine generated, robust antigen specific CD4+ and CD8+ activity; the anti-tumor effect on BNL HCC growth was substantially reduced by CD4+ and CD8+ depletion with specific antibodies [@bib0090]. We also observed that λ3 phage vaccination resulted in increased secretion of Th1 (IFNγ and TNF-α and Th2 (IL-4, IL-6 and IL-10) cytokines in the cell culture supernatant of splenocytes derived from immunized mice ([Fig. 6](#fig0030){ref-type="fig"}). Immunization with λ3 phage particles elicited a lower production of IL-2 from splenocytes compared to controls ([Fig. 6](#fig0030){ref-type="fig"}A). In this regard, IL-2 is a pro-inflammatory and strong immunoregulatory Th1 type cytokine. It is known that the IL-2 production is transient and limited by a negative feedback loop that depends, in part, on other cytokine signals [@bib0195]. These observations suggest that IL-2 may be negatively regulated by the secretion of Th2-type cytokines, most notably IL-4 and especially the high level production of IL-10 (3000--4000 pg/ml) found here. It has been previously reported that IL-4 inhibits IL-2 synthesis by CD4+ T cells \[[@bib0200]\]. In addition, IL-10 has been found to inhibit T cell proliferation and IL-2 production as well \[[@bib0205], [@bib0210]\]. A consistent enhanced secretion Th2 cytokines by splenocytes following λ phage vaccination against ASPH expressing BNL HCC cells was observed as shown in [Fig. 6](#fig0030){ref-type="fig"}B; the mechanisms for these observations will require further exploration.

However, anti-tumor effects were exhibited *in vivo* since both λ1 and λ3 vaccinations delayed HCC growth and progression as well as improved the overall survival rate ([Fig. 3](#fig0015){ref-type="fig"} and [Fig. 4](#fig0020){ref-type="fig"}). The residual tumor expression of ASPH after vaccination was also examined. Interestingly, the remaining tumor cells still express ASPH as shown in [Fig. 7](#fig0035){ref-type="fig"}. Such observations imply that additional immunizations may be required to achieve optimal antitumor activity.

The pathological features of the tumors following λ3 vaccinations were informative; the HCCs derived from immunized mice were characterized by extensive necrosis and edema with substantial infiltration of CD3+ and CD8+ lymphocytes (as shown in [Fig. 7](#fig0035){ref-type="fig"}). In contrast, the BNL induced tumors obtained from the controls lacked edema, necrosis and infiltration of CD3+ and CD8+ T-cells as well as CD45+ mononuclear cells. When tumors derived from both vaccinated and control mice reached a size of approximately 500 mm^3^, the animals were euthanized. The gross and histologic findings in the tumor obtained from vaccinated mice were reminiscent of pseudo-progression \[[@bib0215], [@bib0220], [@bib0225]\]. The λ3 phage vaccine construct appeared to drive antigen (ASPH) specific T-cells into the tumor parenchyma and produce concomitant tumor necrosis and edema. It would be interesting to perform immunotherapy with the addition of anti-CTL4, and/or PD-1/PD-L1 antibodies \[[@bib0230], [@bib0235]\] to enhance their cytotoxic capacity. Finally, we have not yet evaluated the anti-tumor effects of NK cells in this syngeneic murine HCC model and additional studies will be required.

4. Materials and methods {#sec0040}
========================

4.1. Cell lines and culture {#sec0045}
---------------------------

The BNL 1ME A.7R.1 (BNL) and 4T1 murine cell lines were purchased from the American Type Tissue Culture Collection (Manassas, VA). Cell lines were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and 2 mM of L-glutamine and cultivated in a humidified incubator at 37 °C with 5% CO~2~.

4.2. Recombinant human aspartate-β-hydroxylase protein preparation {#sec0050}
------------------------------------------------------------------

The full length human ASPH (GenBank accession No. [S83325](ncbi-n:S83325){#intr0015}) was cloned into the EcoRI site of the pcDNA vector (Invitrogen, Carlsbad, CA). Recombinant ASPH protein (rASPH) was produced in a Baculovirus system (Invitrogen) according to manufacturer's instruction \[[@bib0050], [@bib0085], [@bib0090]\].

4.3. Construction of bacteriophage λ to display ASPH peptides {#sec0055}
-------------------------------------------------------------

We designed a bacteriophage λ system to display ASPH fused at the carboxyl terminus of the capsid protein gpD of λ phage. Due to limitations on the size of the DNA that can be incorporated into viable λ phage, the ASPH sequence was segmented into thirds that would allow for proper display of ASPH peptides on λ head. This work focuses on both the N and C-terminal regions of the ASPH protein, designated as ASPH constructs λ1 and λ3 respectively. Using ASPH specific oligo primers these segments were amplified from the ASPH gene. The oligo sequence of each PCR primer was modified to produce restriction sites for Nhe I and Bssh II enzymes at each end of the amplified ASPH segment. After restriction enzyme digestion, this segment was inserted at the NheI-BsshII site of the 3′ end of a DNA segment encoding GpD under the control of the lac promoter. These constructs were created in donor plasmid pVCDcDL1A, which carries *loxPwt* and *loxP511* sequences. Cre-expressing *E. coli* was transformed with these recombinant plasmids and subsequently infected with recipient λ phage DL1 (λ-DL1) that carried a stuffer DNA segment flanked by loxPwt and loxP511 sites. Recombination occurred *in vivo* at the lox sites and then Ampr cointegrates were formed, which spontaneously lysed the *E. coli* and released the products in culture media. These cointegrates produced recombinant phage that display ASPH peptides fused at the C-terminus of GpD. Recombination with unmodified pVCDcDL3 alone yielded control phage particles without the display of ASPH peptides as described [@bib0240].

4.4. Animals, tumor challenge and immunization {#sec0060}
----------------------------------------------

Female BALB/c mice aged 6-8-week-old (Charles River Laboratories, Wilmington, MA) were employed. All animal protocols were approved by the Institutional Animal Care and Use Committee of Rhode Island Hospital (Providence, RI). Mice were immunized by injecting 1 × 10^10^ pfu of phage particles suspended in 100 μL of sterile saline into the base of the tail. The experimental design is shown in [Fig. 1](#fig0005){ref-type="fig"}. We chose a prophylactic vaccination schedule three times spaced a week apart prior to BNL HCC cells inoculation. The BNL cells (5 × 10^6^) were subcutaneously inoculated into the right flank. Booster immunization was continuously administrated every 7--10 days after tumor inoculation. Tumor size was measured using calipers 2--3 times per week, and tumor volume was calculated as A × B^2^ × 0.5 (A, length; B, width). Six to eight weeks after tumor inoculation, mice bearing tumors with the shorter diameter exceeded 10 mm were euthanized according to the requirements of the Animal Welfare Committee of the Rhode Island Hospital (Providence, RI). Whole blood (400 μL) was collected; spleen and tumor tissues were harvested from each animal. Serum samples were collected following centrifugation and stored at −80 °C. Tumors were excised and fixed with 10% formalin for further immunohistochemistry (IHC) analysis. The procedures for establishing the ASPH expressing breast tumors generated by 4T1 cells were performed as described [@bib0070].

4.5. Enzyme-linked immunosorbent assays {#sec0065}
---------------------------------------

The following cytokines IFN-γ, IL-2, IL-4, IL-6, TNF-α and IL-10 were measured in cell culture supernatants after 4 days of splenocyte re-stimulation with phage particles and rASPH using murine high sensitivity ELISA kits (eBioscience).

4.6. Isolation and characterization of murine splenocytes {#sec0070}
---------------------------------------------------------

Spleens were excised from immunized or control mice bearing tumors after euthanasia, dispersed using the plunger end from a 3 ml syringe, and then passed through a 70 μm cell strainer. Erythrocytes were lysed with lysis solution buffer (BD Biosciences, San Jose, CA). After isolation, splenocytes were re-stimulated following culture in RPMI-1640 (supplemented with 10% FBS, 1 × non-essential amino acids, 1 × amino acid solution, 100 μM sodium pyruvate, 1 × penicillin-streptomycin and 50 μM 2- mercaptoethanol) with 0.5 μg/ml rASPH and 2 × 10^8^ pfu/ml Phage particles for 4 days, as modified from a previous published protocol [@bib0090]. Then 10 ng/ml IL-2 (PeproTech, Rocky Hill, NJ) was added continuously for 2 days after the start of culture. Following a 4-day re-stimulation of splenocytes with phage and rASPH, the supernatants derived from culture media were collected for enzyme-linked immunosorbent assay (ELISA) to measure cytokine secretion. This assay had been previously optimized for DC activation of murine and human antigen specific CD4+ and CD8+ T cell activity as described [@bib0245]; it also was previously optimized for T cell activation using DCs pulsed with ASPH containing microparticles in both mice and humans \[[@bib0050], [@bib0090]\]. Density-gradient centrifugation was performed with the re- stimulated splenocytes using Lympholyte M (Cedarlane, Burlington, NC) to remove dead cells. Purified re-stimulated splenocytes were used for further cytotoxicity assay and flow cytometric analysis.

4.7. Cytotoxicity assays {#sec0075}
------------------------

Cytotoxicity assays were performed as previously described [@bib0090].

4.8. Flow cytometric analysis {#sec0080}
-----------------------------

The re-stimulated splenocytes were resuspended in phosphate buffered saline (PBS) containing 1% fetal bovine serum (FBS). Cells were incubated with the blocking monoclonal antibody (mAb) 2.4G2 and stained with the indicated mAbs specific for cell surface markers for 20 min on ice. For intracellular staining, cells were fixed with Cytofix/Cytoperm (BD Biosciences) for 20 min, and then stained in 1 × PermWash (BD Biosciences) for 20 min. Washed cells were assessed by a FACS Aria cytometer (BD Biosciences), and the data was analyzed using FlowJo software (Tree Star Inc., Ashland, OR). As a gating strategy, we firstly gated on lymphocytes based on forward scatter (FSC)-area versus side scatter (SSC)-area. Within this population, doublets were excluded by analyzing FSC-height versus FSC-width. Dead cells were also excluded using dead/live stain. For characterization of CD4, CD8 and regulatory T cells, the following conjugated anti-- mouse mAbs were used: CD4 (clone GK1.5; eBioscience, San Diego, CA), CD8a (clone 53--6.7; Biolegend, San Diego, CA), TCRβ (clone H57-597; eBioscience), CD25 (clone PC61; Biolegend), FoxP3 (clone FJK-16s; eBioscience), CD154 (clone MR1; eBioscience), CD137 (clone 17B5; eBioscience), and IFN-γ (clone XMG1.2; eBioscience). To exclude the dead cells from the analysis, we used a LIVE/DEAD fixable dead cell stain (Invitrogen). Appropriate isotype controls were included in each analysis.

4.9. Evaluation of tumor-infiltrating lymphocytes {#sec0085}
-------------------------------------------------

Tumors were excised from the immunized mice 6--8 weeks after inoculation of BNL cells, and formalin-fixed paraffin-embedded sections were prepared. After deparaffinization, antigen retrieval and endogenous peroxidase blocking, immunohistochemical staining was performed using the VECTASTAIN Elite ABC kit (Vector Laboratories, Burlingame, CA) according to the manufacture's protocol. Primary antibodies were diluted at 1:250, 1:400, 1:100 and 1:50 for rabbit polyclonal anti-ASPH antibody, rabbit monoclonal anti-CD3 antibody (SP7; Abcam, Cambridge, MA), rat monoclonal anti-CD8 (eBioscience, San Diego, CA) and CD45 (Abcam, Cambridge, MA). Sections were incubated with primary antibodies at 4 °C overnight, then color development was performed using DAB Peroxidase Substrate (Vector Laboratories) for 60--90 seconds (ASPH, CD3 and CD8). Counterstaining was performed by hematoxylin. The CD3 and CD8 positive T cells were counted per randomly selected 5--10 high-power fields (400×) and CD45 positive cells were counted in 10 fields (1000×) by using Imagesoftware (NIH, Bethesda, MD). We calculated mean number of CD3 and CD8 positive T cells as well as CD45 cells infiltrating the tumor parenchyma from 5 different sections derived from 3--5 tumors.

4.10. Statistical analysis {#sec0090}
--------------------------

Statistical analysis was conducted using SPSS software. Quantitative data were presented as means ± SEM. Quantitative data were analyzed by one-way analysis of variance (ANOVA) (multiple groups) or Student's *t* tests (two groups). IHC scores from different groups were compared by χ2 test. Survival time was estimated using the Kaplan-Meier method. Difference in median survival time between control and experimental group was examined by log-rank *t* test. A p-value of \<0.05 (two-sided) was considered as statistically significant.
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